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whatsoever;  and  the  fact  that  the  Government  may  have  formulated,  furnished,  or  in 
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or  notice  on  a  specific  document. 


FOREWORD 


This  supplemental  report  was  prepared  by  Battelle  Memorial  Institute  for  the 
United  States  Air  Force  on  Contract  No.  AF  33{657)-8326.  This  contract  was  initiated 
under  Project  No.  7381,  ^'Materials  Application",  Task  No.  738105,  "Ceramic  and 
Graphite  Technical  Information".  The  work  was  administered  under  the  direction  of  the 
Materials  Information  Branch,  Materials  Application  Division,  Research  and 
Technology  Division,  at  Wright- Patter  son  Air  Force  Base,  Ohio,  with  Mr.  B.  R. 
Emrich  serving  as  project  engineer. 


This  report  covers  work  conducted  from  April,  1963,  to  April,  1964. 


ABSTRACT 


This  publication  presents  additional  refractory-ceramic  property  data  to  supple¬ 
ment  those  published  in  the  first  edition  of  the  Materials  Selection  Handbook^  issued 
in  October^  1963,  as  RTD-TDR-63-4102. 

The  materials  covered  are  nonmetallic  inorganic  crystalline  materials  with  melt¬ 
ing  points  above  2730  F  (1500  C),  including  intermetallic  compounds  and  excluding  glass, 
carbon,  and  graphite.  The  data  are  from  literature  published  in  1961  and  1962. 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 


D.  A.  SHINN 

Chief,  Materials  Information  Branch 
Materials  Applications  Division 
AF  Materials  Laboratory 
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INTRODUCTION 


Primarily  because  of  their  heat-resistant  qualities  ceramics  are  recognized  as 
an  important  class  of  materials  for  aerospace  application.  To  facilitate  designing  of 
aerospace  systems,  the  compilation  of  reliable  property  data  on  refractory  ceramics 
(nonmetallic  inorganic  crystalline  materials,  including  intermetallic  materials)  has  been 
a  continuing  effort  of  the  Air  Force.  The  most  recent  compilation  was  RTD-TDR-63- 
4102,  ‘^Refractory  Ceramics  of  Interest  in  Aerospace  Structural  Applications  A 
Materials  Selection  Handbook”,  dated  October  1963,  Data  contained  in  the  Handbook 
were  obtained  from  the  literature  to  1962.  Updating  and  upgrading  of  this  Handbook  has 
been  a  subsequent  activity  at  Battelle  under  Air  Force  Contract  AF  33(657 )-8326.  In 
this  project,  additional  property  data  on  pertinent  materials  were  obtained  from  the  open 
literature  through  1962,  and  are  presented  in  this  supplement  to  the  Handbook. 

Dike  the  Handbook,  the  supplement  includes  the  compilation  of  selected  property 
data  on  refractory  nonmetallic  inorganic  crystalline  materials,  including  intermetallic 
compounds.  Only  materials  having  melting  points  above  2730  F  (1500  C)  were  included. 
Glass,  carbon,  and  graphite  are  excluded.  Also,  data  were  limited  to  materials  in  which 
the  principal  crystalline  phase  exceeds  95  per  cent  by  weight.  The  data  of  interest  in¬ 
cluded  but  were  not  limited  to  mechanical  properties  (strength,  elastic  modulus, 

Poisson's  ratio,  creep,  etc,  );  thermal  properties  (expansion,  conductivity,  specific  heat, 
etc.  );  and  certain  physical  properties  (crystal  structure,  density,  melting  point,  etc.  ). 

The  format  of  this  supplement  is  generally  the  same  as  that  of  the  Handbook. 

The  section  "Materials  Index  and  Property  Indicator”,  beginning  on  page  3,  pro¬ 
vides  an  alphabetical  listing  of  all  materials  included  in  the  supplement.  In  addition  to 
giving  the  page  where  the  detailed  information  on  each  material  begins,  it  also  indicates 
by  an  ”x”  those  properties  for  which  new  or  complementary  information  was  found  in  the 
literature. 

As  in  the  Handbook,  the  section  "Detailed  Properties  of  Materials”,  which  begins 
on  page  7,  is  divided  into  10  subsections  according  to  material  class;  the  materials  are 
grouped,  in  general,  according  to  the  group  of  the  cation  in  the  Periodic  Table.  Proper¬ 
ties  are  presented  in  the  order  of  (1)  physical,  (2)  thermal,  (3)  mechanical,  and  (4)  other 
properties.  Test- specimen  characterization  and  test  conditions  are  tabulated  as  refer¬ 
ence  information,  when  possible.  A  list  of  the  literature  referred  to  follows  the 
presentation  of  properties. 

Appendix  A  contains  a  dissertation  on  available  analytical  techniques  for  describing 
strength  characteristics  of  brittle  materials. 


Manuscript  released  by  authors  on  1  May  1964  for  publication  as  an  RTD  Technical  Documentary  Report. 
^Prepared  by  Battelle  Memorial  Institute. 


MATERIALS  INDEX  AND  PROPERTY  INDICATOR 
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TITANIUM  BORIDE  -  ZIRCONIUM  OXIDE 
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DETAILED  PROPERTIES  OF  MATERIALS 
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Borides 


Borides  of  Ba,  Be,  Ca,  Mg,  Sr  /9 


BORIDES  OF  BARIUM,  BERYLLIUM,  CALCIUM,  MAGNESIUM,  AND 
STRONTIUM  (ALKALINE-EARTH  METALS) 

[See  pages  51  and  52  of  Handbook] 


THERMAL  PROPERTIES 


TABLE  1.  AVERAGE  COEFFICIENTS  OF  LINEAR  THERMAL 
EXPANSION  OF  HEXABORIDES  OF  BARIUM, 
CALCIUM,  AND  STRONTIUM^^^^^ 


Boride 

Temperature 
Range,  F 

Thermal  Expansion 
Coefficients^^/,  10“^/F 

BaB^ 

68-1472 

3.7 

CaBb 

68-1472 

3.6 

SrBb 

68-1472 

3.7 

(a)  Calculated  from  X-ray  lattice  parameters  of  powder  samples  prepared  by  reducing 
oxides  of  the  metals  with  boron. 


MECHANICAL  PROPERTIES 


Microhardness  of  strontium  hexaboride  (SrB^)  is  reported  as  2900  ±  90  kg/mm^ 
for  a  20-g  load.  Specimens  were  hot  pressed  and  had  a  residual  porosity  of  about  10  per 
cent.  (603) 


OTHER  PROPERTIES 

Oxidation  and  Corrosion  Resistance 

Powders  of  alkaline-earth  hexaborides  Ba,  Ca,  and  Sr  have  poor  oxidation  re  sis- 
tance  above  1100  F.  Nitrogen  at  high  temperatures  does  not  decompose  these  borides  or 
form  nitrides.  No  reaction  with  carbon  up  to  3600  F  is  indicated.  These  borides  also 
are  resistant  to  the  action  of  acids  (except  nitric)  and  alkalis.  (^14) 


10/  Borides  of  Ti,  Zr,  Hf 


Borides 


BORIDES  OF  TITANIUM,  ZIRCONIUM,  AND  HAFNIUM 
[See  pages  53-63  of  Handbook] 


THERMAL  PROPERTIES 


Titanium  Diboride  (TiB2):  ^ 

Thermal  conductivity,  room  temperature  -  34.8  Btu/(hr){ft)(F).  Determined  by 
static  method;  value  calculated  for  zero  porosity, 


MECHANICAL  PROPERTIES 


FIGURE  1 .  BEND  STRENGTH  OF  HIGH-POROSITY 
ZIRCONIUM  DIBORIDE(580) 

Specimens  with  20  to  25  per  cent 
porosity  were  resistively  heated  in 
argon  atmosphere  and  loaded  at  a 
rate  of  550  psi  per  second  using 
center-point  loading. 


Borides 


Borides  of  V,  Nb,  Ta  /II 


BORIDES  OF  VANADIUM,  NIOBIUM,  AND  TANTALUM 
[See  pages  65-70  of  Handbook] 

PHYSICAL  AND  MECHANICAL  PROPERTIES 


TABLE  2.  PHYSICAL  AND  MECHANICAL  PROPERTIES  OF  NIOBIUM  AND 
TANTALUM  BORIDEs(593) 


Boride 

Formula 

Crystal 

Structure 

Melting 
Point,  F 

Microhardness(^), 

kg/mm^ 

Niobium 

NbsBz 

Tetragonal 

2912(c) 

1720 

Nb2B 

Tetragonal 

2912(c) 

2060 

NbB 

Orthorhombic 

4136(d) 

2200 

Nb3B4 

Orthorhombic 

4892(c) 

2290 

NbB2 

Hexagonal 

5432(d) 

2600(^) 

Tantalum 

Ta2B 

Tetragonal 

3488(c) 

— 

Ta3B2 

Tetragonal 

3668(c) 

2770 

TaB 

Orthorhombic 

4406(d) 

3120 

Ta3B4 

Orthorhombic 

4802(c) 

3350 

TaB2 

Hexagonal 

5644(d) 

— 

(a)  50 -gram  load, 

(b)  30 -gram  load. 

(c)  Incongruent  melting  point. 

(d)  Congruent  melting  point. 


12/  Borides  of  Rare-Earth  Metals 


Borides 


BORIDES  OF  THE  RARE-EARTH  METALS 
[See  pages  79-82  of  Handbook] 


THERMAL  PROPERTIES 


TABLE  3.  AVERAGE  COEFFICIENTS  OF  LINEAR  THERMAL 
EXPANSION  OF  VARIOUS  HEXABORIDES  OF 
RARE-EARTH  METALst^^"^) 


Boride 

Thermal 

Expansion 

Coefficient^^^, 

10"6/F 

Boride 

Thermal 

Expansion 

Coefficient^^), 

lO-^/F 

CeB5 

4.  0 

PrB^ 

4.  2 

EuB^ 

3.  8 

SmB^^ 

3.  8 

GdB^ 

4.8 

TbB^ 

4.  3 

EaB^ 

3.  6 

YB6 

3,  6 

NdB^ 

4.0 

YbB^ 

3.  2 

(a)  Values  calculated  from  X-ray  lattice  parameters  determined  on  powder  samples  for  tempera¬ 
ture  range  of  68-1472  F. 


OTHER  PROPERTIES 


Oxidation  Resistance 

Hot-pressed  specimens  of  DyB^,  EuB^,  YB^,  and  SmB^  all  lost  considerable 
weight,  but  exhibited  no  dimensional  change,  in  a  steam  environment  (7  50  F,  1500  psi, 
and  500  hours).  Yttrium  tetraboride  (YB4)  was  essentially  unchanged  after  500  hours  of 
exposure  at  1500  psi  and  400  F  to  1000  F,  General  conclusion  by  HoytC^^"^)  was  that 
rare-earth  borides  are  much  less  resistant  to  oxidation  than  are  transition-metal 
borides. 


Borides 


Borides  of  Th,  U  /13 


BORIDES  OF  THORIUM  AND  URANIUM 
[See  pages  83-87  of  Handbook] 


MECHANICAL  PROPERTIES 


The  microhardness  (Knoop)  of  thorium  tetraboride  (ThB4)  is  reported  as  2043  for 

a  100-g  load  at  room  temperature.  (^68) 


OTHER  PROPERTIES 
Oxidation  Resistance 

A  weight  gain  of  0.  22  mg/cm^/hr  was  measured  after  exposure  of  ThB4  at  1100  F 
in  dry  air  flowing.  A  similar  ThB4  specimen  exposed  to  dry  CO2  at  similar  flow  rate 
had  a  weight  gain  of  0.  08  mg/cm^/hr.  Specimens  were  arc  melted  and  of  high 
purity.  (568) 


14/  Silicon  Carbide  (Self-Bonded) 


Carbides 


SILICON  CARBIDE  (SELF-BONDED) 
[See  pages  105-112  of  Handbook] 

MECHANICAL  PROPERTIES 


Silicon  Carbide  (Whiskers): 

Tensile  strength  —  100,000  to  1,650,000  psi 
Elastic  deformation  —  Up  to  1.  1  per  cent 

The  whiskers  were  prepared  by  pyrolysis  and  reaction  of  me thyltrichlor silane  in  hydro¬ 
gen;  hexagonal  crystal  form;  density  of  3.  214  to  3.217  g/cm^.(^^^) 

Unpublished  data  by  other  investigators  indicates  tensile  strengths  over  2  x  10^ 
psi  for  silicon  carbide  filaments. 


Carbides 


Carbides  of  Ti,  Zr,  Hf  /15 


CARBIDES  OF  TITANIUM,  ZIRCONIUM,  AND  HAFNIUM 
[See  pages  113-126  of  Handbook] 

PHYSICAL  PROPERTIES 

Melting  points  of  specimens  of  TiC,  ZrC,  and  HfC  were  5324,  6440,  and  7034  F, 
respectively.  (567)  pressed  and  sintered  specimens  were  heated  in  an  arc  furnace;  tem¬ 
perature  was  measured  at  liquid-solid  boundary. 

THERMAL  PROPERTIES 


FIGURE  2.  THERMAL  CONDUCTIVITY  OF  TITANIUM  AND  ZIRCONIUM  CARBIDES 


Reference 

Reference  Information 

(584) 

Static  method;  value  calculated  for  zero 
porosity 

(609) 

Steady  "State,  radial -heat -flow  method; 
hot  “pressed  specimen;  95  per  cent 
theoretical  density;  50 -micron  average 
grain  size. 

16/  Carbides  of  V,  Nb,  Ta 


Carbides 


CARBIDES  OF  VANADIUM,  NIOBIUM,  AND  TANTALUM 
[See  pages  127-134  of  Handbook] 


PHYSICAL  PROPERTIES 


Melting  points  of  specimens  of  VC,  NbC,  and  TaC  were  5036,  6188,  and  6206  F, 
respectively,  Pressed  and  sintered  specimens  were  heated  in  our  arc  furnace; 

temperature  was  measured  at  liquid- solid  boundary. 


THERMAL  PROPERTIES 


Vanadium  Carbide  (VC): 

Thermal  conductivity  —  14.3  Btu/{hr)  (ft)  (F)  at  72  Determined  by  static 

method;  value  calculated  for  zero  porosity. 


MECHANICAL  PROPERTIES 


Tantalum  Carbide  (TaC): 

Tensile  strength  —  30-35  x  10^  psi  at  72  F.  Six  filamentary  specimens, 

0.  005-0.  015-in,  diameter,  prepared  by  gas-phase  carburization  of  tantalum  wire. 


Carbides 


Carbides  of  Cr,  Mo,  W  /17 


CARBIDES  OF  CHROMIUM,  MOLYBDENUM,  AND  TUNGSTEN 
[See  pages  135-144  of  Handbook] 


PHYSICAL  PROPERTIES 


Melting  points  of  specimens  of  MoC  and  of  WC  were  5198  and  5108  F,  respec¬ 
tively.  (567)  Pressed  and  sintered  specimens  were  heated  in  an  arc  furnace;  tempera¬ 
tures  were  measured  at  liquid-solid  boundary. 


THERMAL  PROPERTIES 

TABLE  4.  THERMAL  CONDUCTIVITY  OF  CHROMIUM 
CARBIDES  AT  70  f(584) 


Carbide 

Thermal  Conductivity(3-), 
Btu/(hr)  (ft)  (F) 

^^23*^6 

10.  6 

CryCs 

8.7 

CrsCz 

11.  1 

(a)  Static  method;  value  calculated  for  zero  porosity. 


18/  Carbides  of  Rare-Earth  Metals 


Carbides 


CARBIDES  OF  THE  RARE-EARTH  METALS 
[See  pages  145-146  of  Handbook] 


Data  on  scandium  and  yttrium  carbides  were  given  in  References  (601)  and  {60Z). 
All  properties  are  for  hot-pressed  specimens. 


PHYSICAL  PROPERTIES 

TABLE  5.  PHYSICAL  PROPERTIES  OF  SCANDIUM  AND 
YTTRIUM  CARBIDES 


Carbide 

Pycnometer 
Density, 
g/ cm^ 

Melting 

Point, 

F 

Reference 

ScC 

3.06 

-- 

(602) 

YC 

3.  50 

3  540 

(601) 

Y2C3 

3.66 

3270 

(601) 

YC2 

3.95 

4170 

(601) 

THERMAL  PROPERTIES 

TABLE  6.  COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION 
FOR  SCANDIUM  CARBIDE 


Thermal 

T  emperature 

Expansion 

Range, 

Coefficient, 

Carbide 

F 

10-6/f 

Reference 

ScC 

None  given 

6.3 

(602) 

Carbides 


Carbides  of  Rare-Earth  Metals  /19 


MECHANICAL  PROPERTIES 

TABLE  7.  MICROHARDNESS  OF  SCANDIUM  AND 
YTTRIUM  CARBIDES 


Carbide 

Microhardness, 
kg  /  mm^ 

Load, 

g 

Reference 

ScC 

2700 

Not 

given 

(602) 

YC 

120  ±  33 

5 

(601) 

Y2C3 

900  ±  160 

50 

(601) 

YC2 

700  ±  106 

50 

(601) 

OTHER  PROPERTIES 


Oxidation  and  Corrosion  Resistance 


FIGURE  3.  OXIDATION  RATE  OF 
YTTRIUM  CARBIDES  IN  STATIC 
AIR  AT  ROOM  TEMPERATURE^^O^ ) 


0  20  40  eO  80  100 

Time,  hours 

Powders  of  the  yttrium  carbides  are  readily  decomposed  by  water,  dilute  acids, 
and  alkalies;  reaction  rates  are  low  in  concentrated  acids.  YC  has  the  greatest  chemical 
resistance.  (^0^) 


20/  Carbides  of  Th,  U,  Pu 


Carbides 


CARBIDES  OF  THORIUM,  URANIUM,  AND  PLUTONIUM 
[See  pages  147-151  of  Handbook] 

THERMAL  PROPERTIES 


TABLE  8.  THERMAL  CONDUCTIVITY  OF  THORIUM  AND 
URANIUM  CARBIDES 


Carbide 

Temperature, 

F 

Thermal 
Conductivity, 
Btu/(hr)  (ft)  (F) 

Reference^^ 

ThC 

75 

16.7 

(579) 

ThCz 

75 

13.8 

(579) 

UCo.  94 

480 

14.7 

(562) 

UC 

480 

13,3 

(562) 

UCi^  06 

480 

13.8 

(562) 

(a)  Reference  Reference  Information 

(579)  Arc-melted  and  cast  rod  specimens;  values  calculated  from 

Wiedemann-Franz  relationship. 

(562)  Arc-melted  and  cast  ingots;  99  per  cent  dense;  axial-heat-flow  method. 


TABLE  9.  AVERAGE  COEFFICIENTS  OF  LINEAR  THERMAL  EXPANSION 
OF  THORIUM  AND  PLUTONIUM  CARBIDES 


Carbide 

Temperature 
Range,  F 

Thermal  Expansion 
Coefficient,  10“^/F 

Reference(^) 

ThC2 

32-1800 

4. 7 

(588) 

PuC 

68-1435 

5.95 

(594,  582) 

PU2C3 

68-1435 

8.  2 

(594) 

(a)  Reference  Reference  Information 

(594)  Calculated  from  X-ray  lattice  constants  of  powder  samples  indicated  to  be  of  high  purity. 
(588)  Dilatometer  method;  no  data  on  material  were  given, 

(582)  Dilatometer  method;  specimens  arc  melted  and  cast;  95  per  cent  dense;  95  per  cent  purity. 


Carbides 


Carbides  of  Th,  U,  Pu  /21 


MECHANICAL  PROPERTIES 


TABLE  10.  MICROHARDNESS  OF  THORIUM  CARBIDES 


Micr  ohardnes  s , 

Load, 

Carbide 

kg/  mm^ 

g 

Reference(^) 

The 

850 

200 

(579) 

ThCz 

600 

200 

(579) 

(a)  Reference  Reference  Information 

(579)  Arc-melted  and  cast  rod  specimens;  values  calculated  from 
Wiedemann -Franz  reladonship. 


FIGURE  4.  TYPICAL  MICROHARDNESS  OF  URANIUM  CARBIDE 
AT  ELEVATED  TEMPERATURES(562) 


Arc-melted  and  cast  specimens,  99  per  cent  dense. 


22/  Carbides  of  Th,  U,  Pu 


Carbides 


OTHER  PROPERTIES 

Oxidation  and  Corrosion  Resistance 


FIGURE  5.  WEIGHT  CHANGE  OF  URANIUM  CARBIDE  IN  VARIOUS 
GASEOUS  ENVIRONMENTS 

Reference  _  Reference  Information _ 

(596)  Disk  specimens,  0. 6-inch  diameter,  0. 2-inch  thick 

(11.7-12,7  g/cm^  density);  exposure  in  CO2,  O2, 
or  N2  at  1 -atmosphere  pressure  and  500  cm^/min 
flow  rate 


(562)  Arc -melted  and  cast  ingots,  99  per  cent  dense;  static 

air  containing  1  per  cent  of  water. 

A  weight  gain  of  0.  95  and  4,2  mg/cm^/hr  was  measured  for  ThC  and  ThC2, 
respectively,  after  exposure  at  1100  F  in  dry  flowing  air.  (5^^)  Specimens  were  arc 
melted  and  of  high  purity. 


Nitrides 


Silicon  Nitride  /Z3 


SILICON  NITRIDE 
[See  pages  169-176  of  Handbook] 


PHYSICAL  PROPERTIES 

TABLE  11.  THEORETICAL  DENSITIES  OF  Si3N4  PHASES 


Phases 

Theoretical 
Density(^),  g/cm^ 

References 

a  Si3N4 

3.  184 

(597) 

jS  Si3N4 

3.  187 

(597) 

(a)  Calculated  ftom  X-ray  lattice  constants. 
a  Si3N4:  a  =  7.748  and  c  =  5.617 
/3  Si3N4:  a  =  7.  608  and  c  =  2. 911. 


MECHANICAL  PROPERTIES 


.  BEND  STRENGTH  OF  SILICON  NITRIDE^^^S) 

Specimens  were  reaction  sintered^  with 
phases  as  follows:  0-95%  a  Si^N^;  5-100% 
j6  Si3N4;  0-3%  silicon  metal* 


FIGURE  6 


24/  Silicon  Nitride 


Nitrides 


MECHANICAL  PROPERTIES  (Continued) 


TABLE  12.  BEND  STRENGTH,  CREEP  RATE,  AND  HARDNESS  OF 
SILICON  NITRIDE  WITH  MgO  ADDITIONS(  564) 


MgO, 
weight 
per  cent 

Apparent 
Porosity, 
per  cent 

Bend 

Strength, 

10^  psi 

Relative 

Creep 

Rate  (^) 

Microhar dne  s  s , 
(VPN)  kg/ mm2 

1.3 

2.8 

50 

1.0 

810 

3.3 

0.5 

68 

3.4 

1500 

5.0 

0.08 

77 

4.2 

1620 

6.7 

0.22 

65 

0.8 

1670 

8.4 

0.  17 

68 

0.  3 

1660 

10.  0 

0.  07 

40 

0.  5 

1670 

Laboratory-prepared  silicon  nitride  powder  was  milled  with  MgO  and  the  mixtures  hot  pressed  at  3360  F  and  3000  psi;  no 
specimen  size  was  given. 

(a)  2190  F,  8000  psi. 


TABLE  13.  PROPERTIES  OF  SILICON  NITRIDE  (PRESSURE  SINTERED) 
WITH  5  PER  CENT  MAGNESIA(564) 


Bulk  Density,  g/cm^ 

3.  12-3.  18 

Linear  Thermal  Expansion  Coefficient,  lO^^/F 

Bend  Strength,  10^  psi 

1.5 

At  70  F 

80-100 

At  2190  F 

50-70 

Young's  Modulus,  10^  psi 

31.5 

Microhardness  (VPN),  kg/mm^- 
Crystalline  Form,  per  cent: 

1600-1800 

a  silicon  nitride 

0-30 

silicon  nitride 

70-100 

Oxidation  Resistance 

1  mg/cm^ 
gain  in 

100  hr 
at  2000  F 

The  microhardness  (DPH)  of  reaction- sintered  specimens  of  a  silicon  nitride  was 
reported  to  be  300  kg/mm^  (50-g  load)  and  of  /3  silicon  nitride  2300  kg/mm^  (50-g 

load).  <598) 


Nitrides 


Nitrides  of  Ti,  Zr,  Hf  /25 


NITRIDES  OF  TITANIUM,  ZIRCONIUM,  AND  HAFNIUM 
[See  pages  177-184  of  Handbook] 


THERMAL  PROPERTIES 


Thermal  conductivities  of  TiN,  ZrN,  and  HfN  at  room  temperature  are  reported  to 
be  10.9,  11.6,  and  12.5  Btu/{hr)  (ft)  (F),  respectively(584)^  The  static  method  was 
used;  values  were  calculated  to  zero  porosity. 


MECHANICAL  PROPERTIES 

TABLE  14.  MICROHARDNESS  OF  TITANIUM  AND 
ZIRCONIUM  NITRIDES(^04) 


Nitride  Phase 

Microhardness(^), 

kg/mm^ 

TiNo.  59 

1200  ±  137 

TiNo.  63 

1400  ±  182 

TiNo.  85 

1630  ±  101 

TiNo.  92 

1780  ±  51 

TiNo.  97 

1900  ±  182 

ZrNo.  91 

1480  ±  85 

(a)  Reaction -sintered  specimens;  50 -g  load;  room  temperature. 


26/  Nitrides  of  V,  Nb,  Ta 


Nitrides 


NITRIDES  OF  VANADIUM,  NIOBIUM,  AND  TANTALUM 
[See  pages  185-188  of  Handbook] 


THERMAL  PROPERTIES 

TABLE  15.  THERMAL  CONDUCTIVITY  OF  VANADIUM, 
NIOBIUM,  AND  TANTALUM  NITRIDES(584) 


Nitrides 

Thermal  Conductivity  at 
Room  Temperature(^), 
Btu/(hr)(ft)(F) 

VN 

6.  5 

Nb2N 

4.  8 

NbN 

2.  1 

Ta2N 

5.8 

TaN 

4.8 

(a)  Static  method;  values  calculated  to  zero  porosity. 


Nitrides 


Nitrides  of  Th,  U,  Pu  /27 


NITRIDES  OF  THORIUM,  URANIUM,  AND  PLUTONIUM 
[See  pages  193-194  of  Handbook] 


THERMAL  PROPERTIES 

TABLE  16.  COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION 
OF  URANIUM  MONONITRIDE  (UN) 


Temperature 

Range, 

F 

Average  Thermal 
Expansion  Coefficient, 

10-6/f 

Reference(^) 

425-2190 

~5.4 

(610) 

212-2900 

~5.  5 

(578) 

(a)  Reference 

Reference  Information 

(610) 

79-84  per  cent  dense  specimens 

(578) 

95  per  cent  dense  specimens. 

FIGURE  7.  THERMAL  CONDUCTIVITY  OF  URANIUM  MONONITRIDE^^^S) 


Specimens  were  95  per  cent  dense. 


28/  Nitrides  of  Th,  U,  Pu  Nitrides 

MECHANICAL  PROPERTIES 


TABLE  17.  MECHANICAL  PROPERTIES  OF  URANIUM  MONONITRIDE  (UN) 


Property 

Temperature, 

F 

Property 

Value 

Refer  ence(^) 

Bend  Strength,  10^  psi 

77 

10.  5 

(610) 

1472 

11.2 

2192 

19.  3 

2552 

13.7 

2912 

Deformed 

Young's  Modulus,  10^  psi 

Static 

77 

21.  6 

(610) 

Dynamic 

77 

31 

Shear  Modulus,  10^  psi 

77 

8.7 

(610) 

Poisson's  Ratio 

77 

0.  24 

(610) 

Hardness,  kg/mm^ 

77 

600  Knoop 

(578) 

(a)  Reference  Reference  Information 


(610)  79-84  per  cent  dense  specimens 


(578) 


95  per  cent  dense  specimens. 


Single  Oxides 


Aluminum  Oxide  /29 


ALUMINUM  OXIDE 
[See  pages  205-218  of  Handbook] 


THERMAL  PROPERTIES 


Thermal  Expansion 

Wachtman  et  al.  provides  a  reference  to  complement  the  data  in  the  Handbook 

on  linear  thermal  expansion  of  single  crystal  and  poly  crystalline  alumina  (AI2O3). 
Measurements  were  made  with  interferometric  apparatus;  also^  calculations  were  made 
by  using  Gruneisen’s  equation.  Specimens  included  Linde  synthetic  sapphire  and  a  poly¬ 
crystalline  AI2O3  (3.  97  g/cm^). 

Thermal  Conductivity 


FIGURE  8.  EFFECT  OF  DENSITY  ON  THERMAL  CONDUCTIVITY 

OF  AL>UMINA(585) 

Hot-pressed  alumina.  Density  range  obtained  by 
variation  in  forming  temperature  and  pressure. 

Axial- he  at- flow  method  used  in  measurements  of 
heat  conductivity. 


30/  Aluminum  Oxide 


Single  Oxides 


MECHANICAL  PROPERTIES 


Bend  Strength 


FIGURE  9.  EFFECT  OF  GRAIN  SIZE  AND  TEMPERATURE  ON 
BEND  STRENGTH  OF  ALUMINA(563) 

See  page  31  for  reference  information. 


Modulus  of  Elasticity 


FIGURE  10.  YOUNG'S  MODULUS  FOR  HIGH- DENSITY,  FINE-GRAIN  ALUMINA^^^^) 


See  page  31  for  reference  information. 


Single  Oxides 


Aluminum  Oxide  /31 


MECHANICAL  PROPERTIES 
xviodulus  of  Elasticity  (Continued) 


Porosity,  volume  percent 


FIGURE  11.  EFFECT  OF  POROSITY  ON  MODULUS  OF  ELASTICITY 

OF  ALUMINA(5^3,581) 


Reference 

(563) 


Reference  Information  for  Figures  9,  10,  and  11 


_ Material  and  Testing  Details _ 

Hot-pressed  specimens,  prepared  from  alumina  powder  of  99.  5  per  cent  purity, 
had  less  than2per  cent  total  porosity.  Bend  strength  determined  using  center- 
point  loading;  the  span  was  0.  8  inch  and  the  depth-to-span  ratio  was  0. 19. 
Dynamic  method  used  for  Young’s  modulus. 


(581) 


Young’s  modulus  data  from  various  investigators. 


32/  Beryllium  Oxide 


Single  Oxides 


BERYLLIUM  OXIDE 
[See  pages  219-226  of  Handbook] 


THERMAL  PROPERTIES 


Additional  thermal- conductivity  data  on  beryllium  oxide  (BeO)(^^^^  )  are  com¬ 

pared  in  Figure  12  with  the  best-fit  curve  derived  from  18  other  references  given  in  the 
Handbook.  Data  from  Reference  (566)  show  a  higher  thermal  conductivity  between  72 
and  1000  F  than  has  been  indicated  by  other  investigators. 

Linear-thermal-expansion  data  from  Fitz simmons^^^ ^ ^  for  high-purity  BeO  are  in 
agreement  with  data  in  the  Handbook,  Fitzsimmons'  specimens,  1/4  x  l/4x  2-1/2 
inches  and  about  92  per  cent  dense,  were  prepared  from  UOX  beryllium  oxide  powder. 
Linear  expansion  was  measured  by  optical  apparatus. 


FIGURE  12.  THERMAL  CONDUCTIVITY  OF  BERYLLIUM  OXIDE 

Reference  Reference  Information 

(566)  Hot  pressed,  hollow,  cylindrical  specimens,  with  densities  of  98  per  cent 

or  higher  and  purity  of  99  per  cent  or  better.  RadiaTheat-flow  apparatus 
was  used  for  tests. 

(571)  Specimens,  1/2  x  1/2  x  7/8  inch  and  96  to  97  per  cent  dense  were  evaluated 

by  comparative  method  of  Francl  and  Kingery. 


Single  Oxides 


Beryllium  Oxide  /33 


MECHANICAL  PROPERTIES 


;nd  Strength 

Bend  strengths  of  35,000  to  37,000  psi  (75  F)  and  15,000  to  19,000  psi  (2200  to 
2900  F)  were  measured  for  high-density  beryllium  oxide.  (586)  Specimens  of  high-purity 
BeO  with  1  per  cent  of  MgO  were  hot  pressed  to  a  density  99.  7  per  cent  of  theoretical 
and  the  grain  size  range  was  10  to  100  microns.  No  test  conditions  were  given. 

C-ornpressive-strength  data  on  high- purity  beryllia  reported  by  Pratt  and 
Whitney(566)  coincide  with  the  best-fit  curve  in  the  Handbook.  Values  for  specimens  of 
hot-pressed  BeO,  98  per  cent  dense,  and  pressed-sintered  BeO,  93-95  per  cent  dense, 
were  240,000  to  295,000  psi  at  room  temperature,  decreasing  to  20,000  psi  at  about 
2200  F. 


34/  Magnesium  Oxide 


Single  Oxides 


MAGNESIUM  OXIDE 
[See  pages  227-234  of  Handbook] 


MECHANICAL  PROPERTIES 


Porosity  Volume,  per  cent  of  total  volume 


FIGURE  13.  EFFECT  OF  POROSITY  ON  ELASTIC  AND  SHEAR  MODULI 
OF  POLYCRYSTALLINE  MAGNESIUM  OXIDE(60’7) 


Curves  represent  compilation  of  moduli  data  from 
various  investigators. 


Single  Oxides 


Oxides  of  Zr,  Hf  /35 


OXIDES  OF  ZIRCONIUM  AND  HAFNIUM 


[See  pages  239-246  of  Handbook] 


THERMAL  PROPERTIES 


TABLE  18.  AVERAGE  LINEAR  THERMAL  EXPANSION 
COEFFICIENT  FOR  ZIRCONIA 
(YTTRIA  STABILIZED)(571) 


Temperature 
Range,  F 

Linear  Thermal  Expansion 
Coefficient^^),  10""  ^/F 

Zr02-12Y203(fc>) 

Zr02-15Y203lb) 

77-212 

3.91 

4.  18 

77-572 

4.02 

4.  57 

77-932 

4.21 

4.92 

77-1472 

4.39 

5.  22 

77-2012 

4.88 

5.  62 

77-2552 

5.41 

5.92 

77-2822 

5.  64 

6.  12 

(a)  Zr02’*12Y203  sintered  at  3000  F  for  2  hours  in  hydrogen;  97.2  per  cent  dense. 
Zr02-15Y203 sintered  at  3100  F  for  2  hours  in  air;  86.7  per  cent  dense. 

(b)  Composition  in  weight  per  cent. 


TABLE  19.  THERMAL  CONDUCTIVITY  OF  ZIRCONIA 

(YTTRIA  STABILIZED)(571) 


Temperature, 

F 

Thermal  Conductivity 
(Zr02-15Y203)(^) 
Btu/(lir)(ft)(F) 

400 

0.88 

800 

0.90 

1200 

0.92 

1600 

0.  94 

2000 

0.96 

(a)  Sintered  at  3100  F  for  2  hours  in  air;  86. 7  per  cent  dense. 
Composition  is  in  weight  per  cent. 


Linear  Thermal  Expansion,  percent 


36/  Oxides  of  Rare-Earth  Metals 


Single  Oxides 


OXIDES  OF  THE  RARE-EARTH  METALS 
[See  pages  255-258  of  Handbook] 

THERMAL  PROPERTIES 


0  500  1000  1500  2000  2400 

Temperature,  F 


FIGURE  14,  LINEAR  THERMAL  EXPANSION  OF  RARE-EARTH  OXIDES(608) 

Calculated  from  X-ray  diffraction  measurements;  high-purity 
materials  obtained  from  commercial  sources  and  sintered 
prior  to  X-ray  examinations. 


Single  Oxides 


Oxides  of  Rare-Earth  Metals  /37 


THERMAL  PROPERTIES  (Continued) 

TABLE  ZO.  THERMAL  CONDUCTIVITY  OF 
YTTRIUM  OXIDE  (YzOs)^^'^^) 


Temperature, 

F 

Thermal  Conductivity(^), 
Btu/(hr)(ft)(F) 

200 

7.99 

400 

6.05 

800 

3.  10 

1200 

2.06 

1600 

1.76 

2000 

1.57 

(a)  Comparative  method  by  Francl  and  Kingery;  specimens 
were  1/2  x  1/2  x  7/8  inch  and  96.3  per  cent  dense.  Data 
are  not  corrected  for  porosity. 


OTHER  PROPERTIES 
Corrosion  Resistance 

Europium  oxide,  EU2O3,  had  greater  resistance  to  attack  by  boiling  water  than  did 
samarium  oxide,  Sm203;  specimens  of  both  oxides  had  densities  greater  than  90  per  cent 
of  theoretical.  (^0^) 


38/  Oxides  of  Th,  U,  Pu 


Single  Oxides 


OXIDES  OF  THORIUM,  URANIUM,  AND  PLUTONIUM 
[See  pages  259-270  of  Handbook] 


THERMAL  PROPERTIES 

Information  from  the  following  references  substantiate  the  thermal-property  data 
for  UO2  and  Th02  which  are  given  in  the  Handbook, 


Reference 

Property 

Reference  Information 

(587) 

Thermal 

conductivity 

Pressed  and  sintered  UO2;  93.4  per  cent  of  theoretical  density. 
Measurements  by  radial*heat-flow  apparatus (80-1600  F). 

(618) 

Linear  thermal 
expansion 

Pressed  and  sintered  Th02;  96  per  cent  of  theoretical  density, 
measurements  by  interferometric  techniques  up  to  1500  F. 

Mixed  Oxides 


Silicates  / 39 


SILICATES 

[See  pages  279 “284  of  Handbook] 


PHYSICAL  PROPERTIES 


TABLE  21.  PHYSICAL  PROPERTIES  OF  SILICATES 


Silicate 

Density^^)^ 

g/cm 

Melting 

Temperature, 

F 

References 

Sc203'Si02 

3.  49^^) 

3542 

(612,613) 

Sc20^*  2Si02 

3,  39^^) 

3380 

(612,613) 

Pr203'Si02 

(b) 

(577) 

2Pr203-  3Si02 

-- 

(c) 

(577) 

Pr203-  2Si02 

“  — 

(c) 

(577) 

SiO^* 

4.  32 

3500 

(576) 

2Y203-  3Si02 

-- 

-- 

(611) 

Y2O3.  2Si02 

(611) 

(a)  Pycnometer  density. 

(b)  Unstable  above  2550  F. 

(c)  Formed  above  2550  F. 


40/  Other  Mixed  Oxides 


Mixed  Oxides 


OTHER  MIXED  OXIDES 
[See  pages  291-297  of  Handbook] 


PHYSICAL  PROPERTIES 


TABLE  22.  PHYSICAL  PROPERTIES  OF  MIXED  OXIDES 


Compound 

Formula 

Crystal 

Structure 

Density^ 

g/cm*^ 

Melting 
Temperature  j 

F 

References 

Aluminum 

niobate 

AlNb04(3-) 

Modified 

tetragonal 

— 

'^^2820 

(591) 

Calcium 

CaO-  Nb^Og 

-- 

-- 

2840 

(575) 

niobate 

2CaO-  Nb205 

-- 

-- 

2865 

(575) 

3CaO* 

Cubic 

4.  23(b) 

2840 

(575) 

Magnesium 

MgO'  Ge02 

Orthorhombic 

3092 

(599) 

germanate 

2MgO'  Ge02 

(c) 

3372 

(599) 

4MgO-  GeO^ 

Hexagonal 

— 

3723(b) 

(599) 

Hafnium 

titanate 

Hf02*  TiO^ 

Orthorhombic 

7. 2l(®) 

(573) 

(a)  An  intermediate  compound  in  the  Al20g-Nb203  system. 

(b)  Pycnometer  density. 

(c)  Indicated  to  have  both  spinel  and  olivine  structures. 

(d)  Dissociates  to  2MgO-  Ge02  +  MgO. 

(e)  X-ray  density;  X-ray  pattern  similar  to  Zr02*  Ti02. 


Sulfides 


Sulfides  /41 


SULFIDES 

[See  pages  301-304  of  Handbook] 


TABLE  23.  PHYSICAL,  THERMAL,  AND  M:ECHANICAL  PROPERTIES 
OF  MONOSULFIDES  OF  URANIUM  AND  THORIUM(605) 


Properties 

Sulfides{a') 

us 

ThS 

Temperature  of 

Ignition  in 

Air,  F 

707 

932 

Coefficient  of  Linear 
Thermal  Expansion 
(32-1800  F),  10"^/F 

6.  6 

5.  7 

Bend  Strength, 

lO’^  psi 

10-25 

16-31 

Mi  c  r  ohar  dne  s  s 

(VHN),  kg/ mm2 

162-276 

219-246 

(a)  Pressed  and  sintered  specimens,  85  to  90  per  cent  of  theoretical  density. 


42/  Aluminides,  Beryllides 


Inter  metallic 


ALUMINIDES  AND  BERYLLIDES 
[See  pages  307-312  and  315-343  of  Handbook] 

TABLE  24.  DENSITY,  HARDNESS,  AND  OXIDATION  RESISTANCE  OF  THORIUM 
ALUMINIDE  (Th2Al)  AND  THORIUM  BERYLLIDE  {TliBei3)(568) 


Th2Al(^) 

ThBei3(3-) 

X-Ray  Density,  g/cm^ 

9.  67 

4.  10 

Knoop  Hardness  (100-G  Load) 
at  Room  Temperature,  kg/mm^ 

454 

1343 

Oxidation  Resistance  at  1100  F 
as  Weight  Gain,  mg/{cm2)(hr) 

Flowing  dry  air 

145 

0.  02 

Flowing  CO2 

200 

0.  05 

(a)  Arc -melted  and  cast  specimens. 


Intermetallics 


Silicides  of  Ti,  Zr,  Hf  /43 


SILICIDES  OF  TITANIUM,  ZIRCONIUM,  AND  HAFNIUM 
[See  pages  351-354  of  Handbook] 


THERMAL  PROPERTIES 

TABLE  25.  COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION 
OF  TITANIUM  SILICIDES (5 92) 


Silicide(^) 

Temperature 

Range, 

F 

Thermal-Expansion 
Coefficient,  1 0“  ^/F 

Ti5Si3 

338-1958 

6.  1 

TiSi 

68-698 

4.  9 

698-1958 

5.  8 

TiSiz 

68-1958 

5.  8 

(a)  Hot -pressed  specimens,  90-95  per  cent  dense,  containing  0.  3  to  0.  5  per  cent  free  silicon; 
dilatometer  apparatus. 


44/  Silicides  of  V,  Nb,  Ta 


Intermetallics 


SILICIDES  OF  VANADIUM,  NIOBIUM,  AND  TANTALUM 
[See  pages  355-358  of  Handbook] 


THERMAL  PROPERTIES 

TABLE  26.  COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION  OF  SILICIDES 
OF  VANADIUM,  NIOBIUM,  AND  TANTALUM(592) 


Silicide(a) 

Temperature 

Range,  F 

Thermal- Expans  ion 
Coefficient,  1 0“  ^/F 

VsSi 

68-1148 

4.  4 

1148-1508 

6.  6 

1508-1958 

7.  8 

V5Si3 

68-1418 

5.  3 

1418-1958 

6.  2 

VSiz 

68-1418 

6.  2 

1418- 1958 

8.  2 

NbSiz 

68-698 

4.  7 

698-1958 

6.  5 

T  a.Si2 

68-608 

5.  3 

608-1958 

6.  0 

(a)  Hot -pressed  specimens,  90-95  per  cent  dense,  containing  0.  3  to  0.  5  per  cent  free  silicon;  dilatometer 
apparatus. 


Intermetallics 


Silicides  of  Cr,  Mo,  W  /45 


SILICIDES  OF  CHROMIUM,  MOLYBDENUM,  AND  TUNGSTEN 


[See  pages  359-368  of  Handbook] 


THERMAL  PROPERTIES 

TABLE  27.  COEFFICIENT  OF  LINEAR  THERMAL  EXPANSION  OF  SILICIDES 
OF  CHROMIUM,  MOLYBDENUM,  AND  TUNGSTEN(592) 


Silicide(^) 

Temperature 

Range,  F 

Thermal- Expans  ion 
Coefficient,  10"“^/F 

Cr3Si 

68-1958 

5.  8 

Cr5Si3 

68-338 

3,  3 

338-1328 

5.9 

1328-1958 

7.  9 

CrSi 

68-1418 

6.  3 

Mo3Si 

68-338 

1.  9 

338-1958 

3.6 

Mo5Si3 

68-518 

2.4 

518-1958 

4.  1 

MoSi2 

68-1958 

4.  6 

WSi2 

68-788 

3.  5 

788-1958 

4.4 

(a)  Hot -pressed  specimens,  90-95  per  cent  dense,  containing  0.  3  to  0  5  per  cent  free  silicon;  dilatometer  apparatus. 


lO'^inch 


Intermetallics 


Silicides  of  Rare-Earth  Metals  /47 


SILICmES  OF  RARE-EARTH  METALS 
[See  pages  369-370  of  Handbook] 


PHYSICAL  PROPERTIES 


TABLE  28. 

CRYSTAL  STRUCTURE  OF  RARE- 
EARTH  SILICIDES  (5  83) 

Silicide 

Crystal  Structure 

Y3Si5 

Orthorhombic 

Gd3Si5 

Orthorhombic 

DysSis 

Orthorhombic 

ErsSis 

Hexagonal 

LusSis 

Hexagonal 

THERMAL  PROPERTIES 

Coefficients  of  linear  thermal  expansion  of  lanthanium  disilicide  {LaSi2)  were 
reported  to  be  4.  3  x  IQ-^/F  (68-608  F)  and  5.  95  x  IQ-^/F  (608-1958  F)(592).  Specimens 
were  hot-pressed  to  90  to  95  per  cent  dense  and  contained  0.  3  to  0.  5  per  cent  free  sili- 
con,  A  dilatometer  apparatus  was  used. 


48/  Silicides  of  Th,  U,  Pu 


Inter  me  tallies 


SILICIDES  OF  THORIUM,  URANIUM,  AND  PLUTONIUM 


[See  pages  371-374  of  Handbook] 


TABLE  29.  ‘  DENSITY,  HARDNESS,  AND  OXIDATION  RESISTANCE 
OF  THE  THORIUM  SILICIDES  ThsSiz  AND  ThSi(568) 


Th3Si2<^) 

TliSi(a) 

X-Ray  Density,  g/cm^ 

9.  81 

8.  99 

Knoop  Hardness  (100-G  Load) 
at  Room  Temperature,  kg/mm^ 

825 

696 

Oxidation  Resistance  at  1100  F 
as  Weight  Gain,  mg/(cm^){hr) 

Flowing  Dry  Air 

595 

265 

Flowing  CO^ 

512 

459 

(a)  Arc -melted  and  cast  specimens. 


Intermetallics 


Other  Silicides  /49 


OTHER  SILICIDES 
[See  pages  375-376  of  Handbook] 


(Compounds  designated  boron  silicides  are  also  termed  silicon  borides  in  the 
literature.  ) 

PHYSICAL  PROPERTIES 


Studies  by  Finnie(^^^)  on  the  structures  and  compositions  of  the  silicides  of 
ruthenium,  osmium,  rhodium,  and  iridium  substantiate  information  already  included  in 
the  Handbook, 

Pycnometer  densities  of  B4Si  and  B^Si  were  2.47  ±  0.02  and  2.44  ±  0.02  g/cm^.(^^9) 


THERMAL  PROPERTIES 


Coefficient  of  linear  thermal  expansion  of  rhenium  disilicide  (ReSi2)  for  the 
temperature  range  of  68  to  1958  F  was  reported  to  be  3.  67  x  10‘“^/F(592). 

The  thermal  conductivity  and  linear  thermal  expansion  of  B^Si  and  B^Si  are  shown 
on  the  following  page  in  Figure  17.  (^69) 


MECHANICAL  PROPERTIES 


Bend  strengths  at  room  temperature  of  B4Si  and  B^Si  were  8,000  to  11,000  psi 
and  20,000  to  24,000  psi,  respectively.  Young’s  moduli  of  30  to  40  x  10^  psi  were 
calculated  for  the  nonporous  boron  silicides  from  data  on  porous  specimens^^^^). 

For  bend  strength  and  modulus  measurements,  specimens  were  about  0.  1  x  0.  2  x  0.  75 
inch.  The  porosity  of  B4Si  was  about  6  per  cent  and  of  B£,Si  about  15  per  cent. 

Average  microhardnesses  were  2000  and  2350  kg/mm^  for  B4Si  and  B^Si, 
respectively,  at  room  temperature.  (^69) 


Linear  Thermal  Expansion,  Thermal  Conductivity, 

per  cent  Btu/(hr)(ft)(F) 


50/  Other  Silicides 


Intermetallics 


0  ^ - 1 - 1 - 1 - 1 - 1 

0  400  800  1200  1600  2000 


Temperature,  F 

FIGURE  17.  THERMAL  CONDUCTIVITY  AND  LINEAR  THERMAL  EXPANSION  OF 

BORON  SILICIDES  AT  ZERO  POROSITY^^^^) 

Thermal  conductivity  specimens  were  0,  5  x  0.  5  x  0.  825  inch;  B4Si 
79.  8  per  cent  dense,  B^Si  85.  8  per  cent  dense;  comparative 
method  of  Francl  and  Kingery. 

Thermal  expansion  specimens  were  0.  14-inch  diameter  and  0.  5 
to  1.25  inches  long;  B^Si  85.3  per  cent  dense,  B^Si  93,9  per 
cent  dense;  dilatometer  measurements. 


Inte  r  metalli  c  s 


Other  Silicides  /51 


OTHER  PROPERTIES 
Oxidation  Resistance 
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FIGURE  18.  WEIGHT  CHANGE  OF  BORON  SILICIDES  IN  AIR  AS  A 
FUNCTION  OF  TIME^^^^) 


52/  Other  Intermetallic  Compounds 


Iiitermetallics 


OTHER  INTERMETALLIC  COMPOUNDS 
[See  pages  379‘*382  of  Handbook] 


PHYSICAL  PROPERTIES 

TABLE  30.  PHYSICAL  PROPERTIES  OF  OTHER  INTERMETALLIC  COMPOUNDS 


System 

Compound 

Formula 

Crystal 

Structure 

Melting 

Point,  F 

References 

Cerium -selenium 

CeSe 

Cubic 

-3300 

(589) 

C  e  ^Se  ^ 

Cubic 

2900-3720(^) 

(590) 

Cerium-tellurium 

CeTe 

Cubic 

2890-3430^^) 

(589) 

Cubic 

3030-3270(^) 

(589) 

Erbium- selenium 

Er2Se3 

-- 

-2768 

(590) 

Gadolinium- selenium 

GdSe 

Cubic 

3385 

(589) 

Gadolinium  -tellurium 

GdTe 

Cubic 

3400 

(589) 

Neodymium  -tellurium 

NdTe 

Cubic 

3710 

(589) 

NdsTe^ 

Cubic 

3060 

(589) 

Niobium-tellurium 

NbTe 

Cubic 

3000 

(589) 

Sama  r  ium  -  s  elenium 

SmSe 

Cubic 

-3800 

(589) 

Samarium- tellurium 

SmTe 

Cubic 

3480 

(589) 

Ytterbium-  selenium 

YbSe 

Cubic 

3530 

(589) 

Ytterbium-tellurium 

YbTe 

Cubic 

3160 

(589) 

Yttrium-tellurium 

YzTes 

Cubic 

2777 

(590) 

Niobium-phosphorus 

Nbp(l>) 

-- 

3146 

(600,572) 

Titanium-pho  spho  ru  s 

Tip(c) 

-- 

2846 

(600,572) 

Tantalum  -pho  spho  ru  s 

TaP(‘i) 

-- 

3020 

(600,572) 

(a)  Not  resolved. 

(b)  X-ray  density  6.54  g/cm^. 

(c)  X-ray  density  4,27  g/cm^. 


Intermetallics  Other  Intermetallic  Compounds  /53 

MECHANICAL  PROPERTIES 


TABLE  31.  MICROHARDNESS  OF  TRANSITION-METAL 
phosphides(6oo) 


Phosphide^^^ 

Average  Microhardness 
(DPH,  17-G  Load),  kg/mm^ 

TiP 

718 

NbP 

599 

TaP 

374 

(a)  Powder  samples  mounted  in  resin. 


OTHER  PROPERTIES 
Oxidation  Resistance 

Oxidation  resistance  of  the  phosphides  is  a  function  of  the  composition  and  state 
of  the  oxidation  product.  Weight  gains  were  1  per  cent  in  TiP,  NbP^  and  TaP  powders 
(100  mesh)  heated  at  1058^  1328^  and  1616  respectively.  A  weight  loss  occurred 
at  slightly  higher  temperatures  because  of  volatilization  of  oxidation  products.  (^00) 


/55 
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APPENDIX 


A  CRITICAL  DISCUSSION  OF  ANALYTICAL  TECHNIQUES 
FOR  DESCRIBING  THE  STRENGTH  CHARACTERISTICS 
OF  BRITTLE  MATERIALS 


Introduction 


Appendix  A  of  the  Materials  Selection  Handbook  (RTD-TDR-63-4102)  contains  a 
discussion  of  the  weakest-link  model  for  describing  the  fracture-strength  characteristics 
of  brittle  materials.  The  Weibull  mathematical  treatment  of  the  weakest-link  model  is 
discussed  in  particular,  as  it  is  the  most  widely  accepted  of  the  various  treatments  that 
have  been  proposed.  The  discussion  in  the  Handbook  was  purposely  brief  for  two 
reasons.  First,  no  one  model  of  brittle  fracture,  much  less  any  one  specific  mathemati¬ 
cal  treatment,  has  been  sufficiently  verified  to  justify  its  use  as  the  basis  of  a  rational 
design  philosophy.  Second,  the  objective  of  the  discussion  was  to  provide  guidelines  for 
design  approaches  with  brittle  materials  rather  than  to  review  all  available  concepts. 

The  Weibull  theory  is  receiving  increasing  attention  as  a  design  tool.  It  is  being 
used  to  calculate  design  stress  values  having  low  fracture  probabilities  for  application 
to  complex-stress  conditions  from  limited  laboratory  test  data  obtained  under  simple- 
stress  conditions.  Although  the  cautious  use  of  the  Weibull  theory  for  limited  extrapola¬ 
tions  may  be  warranted  in  certain  cases,  its  use  as  a  quantitative  law  of  general  ap¬ 
plicability  is  not  presently  justified. 

In  an  attempt  to  avoid  its  misuse,  this  Supplement  will  consider  some  of  the  limi¬ 
tations  of  the  Weibull  approach.  Also,  other  approaches  which  may  be  of  value  will  be 
considered.  In  keeping  with  the  above-stated  purpose  of  the  Handbook  —  to  provide 
guidelines  for  design  rather  than  detailed  research-type  information  —  no  attempt  will 
be  made  to  fully  explore  all  arguments.*  Rather,  it  will  be  emphasized  that  the  present 
state  of  understanding  of  brittle  behavior  is  not  sufficiently  advanced  to  provide  a  sound 
basis  for  evaluating  approaches  to  the  design  with  brittle  materials. 


Review  of  Brittle-Fracture  Characteristics 


It  may  be  helpful  to  review  briefly  those  factors  which  distinguish  the  strength 
characteristics  of  brittle  materials  from  those  of  more  conventional,  ductile  materials. 
For  our  purposes,  a  material  can  be  said  to  be  in  a  brittle  state  if  its  stress-strain 
curve  is  essentially  linear  to  fracture;  that  is,  if  it  has  no  capacity  for  inelastic  strain. 
Theoretically,  the  tensile  strength  of  a  material  is  about  1/10  of  its  elastic  modulus,  of 
the  order  of  millions  of  psi.  Measured  strengths  are  generally  1,  2,  or  3  orders  of 
magnitude  below  this.  The  difference  is  ascribed  to  imperfections  in  the  material.  In 
the  case  of  ductile  materials,  the  movement  of  dislocations  results  in  yielding  (plastic 


Authors  of  this  section  are  A.  Rudnick,  and  F.  C.  Holden,  Senior  Mechanical  Engineer,  and  Chief,  respectively,  of  the 
Mechanical  Metallurgy  Division,  Battelle  Memorial  Institute, 

♦More  detailed  coverage  can  be  found  in  References  (A-1)  and  (A- 2). 
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flow)  at  relatively  low  stresses.  For  brittle  materials^  flaws  such  as  microcracks 
cause  stress  concentrations  which  can  lead  to  brittle  fracture.  It  can  be  shown  that 
microscopic  and  submicroscopic  cracks  can^  in  the  absence  of  ductility,  cause  stress 
concentrations  on  the  order  of  1000.  Thus,  local  stresses  of  millions  of  psi  (the 
theoretical  strength)  may  be  associated  with  nominal  stresses  of  thousands  of  psi. 

The  measured  quantity  in  a  strength  test  is  the  nominal  stress  at  fracture.  This 
can  be  referred  to  as  the  "nominal  strength".  This  nominal  strength  might  be  satis¬ 
factory  for  design  purposes  (since  designs  are  based  on  nominal  stres ses '!«) ,  except  for 
three  commonly  observed  characteristics  of  brittle  materials: 

(1)  Nominal  strengths  exhibit  a  considerable  amount  of  scatter. 

(2)  The  nominal  strengths  are  size  dependent  (observed  strength  decreases 
with  increasing  specimen  size). 

(3)  The  nominal  strengths  are  sensitive  to  the  distribution  of  nominal 
stresses  in  the  body  (e.g.  ,  strengths  obtained  in  bending  are  higher 
than  those  obtained  in  uniform  tension). 

It  should  be  noted  parenthetically  that  some  doubt  has  been  cast  on  whether  these 
effects  are  inherent  characteristics  of  brittle  materials  or  are  due  to  controllable  ma¬ 
terial  and  testing  variables.  As  an  example^  the  amount  of  scatter  in  observed  strength 
values  can  be  reduced  by  improved  control  in  specimen  preparation  (from  raw  material 
to  finishing)  and  in  the  testing  procedure.  The  classic  example  of  the  size  effect  is  the 
work  of  Griffith  on  glass  fibers.  This  effect  was  confirmed,  at  least  qualitatively,  by 
several  subsequent  investigations.  More  recently,  Thomas  (A-3)  reported  studies 
similar  to  those  of  Griffith  in  which  he  found  no  size  effect.  In  comparing  these  re¬ 
sults  with  the  work  of  previous  investigators,  Thomas  pointed  out  that  as  fiber-drawing 
techniques  were  improved,  measured  strengths  increased  and  the  magnitude  of  the  size 
effect  decreased.  His  strength  values,  which  showed  no  size  effect,  were  the  highest  of 
those  included  in  his  discussion.  Thomas  concluded  that  the  apparent  size  dependence 
was  not  an  inherent  material  property  but  was  associated  with  fabrication. 

These  observations,  while  far  from  general  and  conclusive,  serve  to  cast  doubt 
on  the  validity  of  any  model  which  assumes  scatter,  size  dependence,  and  stress- 
distribution  dependence  to  be  inherent  characteristics  of  the  strength  of  brittle  mate¬ 
rials.  Despite  this,  the  weight  of  evidence  now  available  favors  an  approach  which 
assumes  these  effects  to  be  inherent.  Let  us  consider  some  of  the  available  models  for 
describing  the  strength  characteristics  of  brittle  materials. 


Concepts  for  Describing  Brittle-Fracture 
Characteristics 


The  models  to  be  considered  here  will  be  discussed  only  in  sufficient  detail  to  in¬ 
dicate  their  qualitative  ability  to  describe  the  observed  behaviors.  More  detailed  treat¬ 
ments  can  be  found  in  the  references  cited. 

•The  nominal  stresses  referred  to  are  those  calculated  by  the  best  available  techniques  of  stress  analysis.  They  are  nominal  in  the 
sense  that  they  do  not  account  for  the  stress  concentrations  due  to  the  flaws. 

♦♦Thomas  observed  a  small  decrease  in  strength  with  increasing  diameter  for  a  group  of  specimens  drawn  at  a  low  temperature.  He 
feels  that  the  strength  decrease  -  not  observed  with  specimens  drawn  at  higher  temperatures  -  was  associated  with  poor  specimen 
quality. 
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Statistical  Theories 


The  statistical  approaches  relate  the  characteristics  of  brittle  fracture  to  the  flaws 
discussed  earlier.  These  flaws  are  considered  to  be  distributed  uniformly  throughout 
the  body.  Thus,  the  number  of  flaws  in  any  unit  volume  is  a  constant  of  the  material. 
However,  flaw  severity  (i.e.  ,  the  magnitude  of  the  associated  stress  concentration)  is 
not  the  same  for  all  flaws;  a  statistical  distribution  is  used  to  describe  the  probability 
of  encountering  a  flaw  of  given  severity.  * 

The  statistical  theories  have  the  very  appealing  virtue  of  relating  the  observed 
scatter  to  the  size  and  stress -distribution  dependence,  thus  relating  the  three  character 
istics  of  brittle-fracture  strength. 

Statistical  theories  can  be  applied  with  at  least  two  models:  the  weakest-link 
model  and  the  parallel- chain  model.  The  weakest-link  model  predicts  that  fracture  will 
initiate  at  the  most  highly  stressed  point  in  the  body.  Once  fracture  is  initiated,  it  will 
propagate  through  the  body.  In  terms  of  a  uniformly  stressed  tension  specimen,  this 
predicts  that  the  strength  is  limited  by  the  single  most  severe  flaw  (^'weakest  link”)  in 
the  specimen,  The  scatter  in  strength  values  follows  directly,  since  the  severity  of 
the  most  severe  flaw  will  differ  among  nominally  identical  specimens. 

The  size  effect  also  can  be  explained  by  the  weakest-link  model.  Since  flaw 
density  is  assumed  constant,  a  large  specimen  will  contain  a  greater  number  of  flaws 
than  will  a  small  specimen.  The  probability  of  encountering  a  flaw  of  given  high  severity 
increases  with  the  number  of  flaws.  Thus,  strength  would  be  expected  to  be  inversely 
related  to  the  specimen  size. 

The  stress-distribution  effect  can  be  related  to  the  size  effect  as  follows.  Con¬ 
sider  two  nominally  identical  specimens,  one  to  be  tested,  in  uniform  tension,  the  other 
in  bending.  In  the  case  of  the  tension  specimen,  the  same  nominal  stress  will  be  ap¬ 
plied  to  each  flaw  and,  as  has  been  noted,  the  strength  will  be  limited  by  the  single 
most  severe  flaw.  In  the  case  of  the  bend  specimen,  half  of  the  specimen  is  subjected 
to  compressive  stresses.  Assuming  fracture  will  not  initiate  on  the  compression  side 
of  the  beam,  half  of  the  total  number  of  flaws  cannot  affect  the  fracture  strength. 

Further,  on  the  tension  side  of  the  beam,  the  nominal  stress  varies  from  zero  at  the 
neutral  axis  to  a  maximum  at  the  surface.  Thus,  a  severe  flaw  near  the  neutral  axis  may 
not  be  as  effective  in  causing  fracture  as  a  relatively  moderate  flaw  near  the  surface. 
This  can  be  considered  as  a  further  reduction  in  the  number  of  effective  flaws.  Since 
there  are  fewer  effective  flaws  in  a  bend  specimen  than  in  a  tension  specimen,  there  is 
a  lower  probability  of  encountering  a  flaw  of  given  severity.  Thus,  specimens  subjected 
to  bending  would  be  expected  to  exhibit  higher  mean  fracture  strengths  than  similar 
specimens  subjected  to  uniform  tension. 

There  are  several  quantitative  treatments  of  the  weakest-link  model.  Epstein^^’"^) 
pointed  out  that  basically  they  differ  only  in  the  assumed  distribution  of  flaw  severities 
in  the  parent  body.  Given  this  function,  the  distribution  of  strengths  of  a  group  of 
specimens  taken  from  the  parent  body  can  be  found  from  extreme-value  statistics. 
Epstein  noted  that  available  data  were  not  sufficiently  sensitive  to  distinguish  among  the 
various  proposed  distribution  functions. 

♦Alternatively,  it  can  be  considered  that  all  flaws  are  of  equal  severity  but  that  the  flaw  density  is  a  statistical  function. 

•♦The  effect  of  flaw  orientation,  or  course,  enters  also.  This  consideration  is  omitted  from  the  present  discussion  for  simplicity. 
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Of  the  various  forms  of  flaw- distribution  functions  which  have  been  proposed,  the 
Weibull  distribution(^“^)  is  by  far  the  most  popular.  Two  reasons  may  be  cited  for 
this  popularity.  First,  this  function  provides  a  reasonably  good  fit  for  much  of  the 
available  data  on  brittle-fracture  strengths.  Second,  Weibull  developed  a  reasonably 
complete  analytical  treatment  of  the  weakest-link  problem  specifically  for  application  to 
brittle  materials.  (Epstein's  work,  revealing  the  more  general  aspects  of  the  problem 
and  pointing  out  the  fact  that  much  of  the  mathematics  had  previously  been  developed, 
followed  Weibull's  classic  paper  by  10  years.) 

Weibull  makes  no  claim  that  his  distribution  function  is  anything  but  empirical. 

He  simply  notes  that  it  does  provide  a  reasonable  fit  to  available  data  and  that  it  is  the 
only  function  which  would  make  his  mathematical  derivation  tenable.  Further  consid¬ 
eration  of  the  applicability  of  the  Weibull  treatment  will  be  given  subsequently. 

The  other  statistical  approach,  viz,  ,  the  parallel- chain  model,  allows  the  pos¬ 
sibility  of  fracture  initiating  at  a  point  without  propagating.  Conceptually,  the  model 
consists  of  a  series  of  chains  of  equal  length  arranged  in  parallel.  The  strength  of  such 
a  complex  is  not  governed  by  the  strength  of  its  weakest  link.  After  the  weakest  link 
breaks,  the  chain  containing  that  link  can  no  longer  carry  the  load.  The  load  previously 
carried  by  that  chain  is  distributed  among  the  remaining  chains.  Assuming  that  they  can 
carry  the  additional  burden,  the  structure  is  still  intact.  A  mathematical  treatment  of 
the  parallel-chain  model  was  developed  by  Daniels for  the  case  of  uniaxial  tension. 
The  results  satisfactorily  described  strength  distributions  for  bundles  of  parallel 
threads , 

The  parallel- chain  model  has  not  been  as  widely  considered  as  the  weakest-link 
model  for  application  to  the  brittle-fracture  problem.  One  reason  is  its  relative  mathe¬ 
matical  complexity.  Additionally,  the  physical  picture  of  independent  elements  is  not 
intuitively  satisfying  when  considering  a  solid  brittle  body.  Despite  its  drawbacks,  the 
parallel- chain  model  might  have  limited  applicability  to  the  brittle-fracture  problem, 
perhaps  in  combination  with  a  weakest-link  approach. 


Nonstatistical  Theories 


The  nonstatistical  approaches  to  brittle  fracture  assume  that  the  observed  size 
and  stress -state  dependences  can  be  explained  by  conventional  mechanics.  These  ap¬ 
proaches  will  not  explicitly  account  for  the  significant  scatter  in  strength  values  and, 
in  this  sense,  are  not  as  satisfying  as  the  statistical  theories.  As  has  been  noted, 
however,  this  scatter  may  not  be  an  inherent  characteristic  of  the  material. 

One  nonstatistical  theory  assumes  that  a  skin  exists  on  the  surface  of  the  material. 
This  skin  is  assumed  to  have  a  higher  strength  and  higher  elastic  modulus  than  the  base 
material.  Additionally,  it  is  convenient  to  assume  that  the  thickness  of  this  skin  is 
independent  of  the  gross  dimensions  of  the  body. 

If  such  a  body  is  subjected  to  an  axial  tension  force,  the  stress  distribution  will  be 
as  shown  in  Figure  19.  The  load  carried  by  the  skin  is 

^skin  ~  ^skin  "^skin 


1000  psi 
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FIGURE  20.  COMPARISON  BETWEEN  SKIN  THEORY  AND  TEST  DATA 
FOR  GLASS  FIBERS 


From  Reference  (A-7). 
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It  can  be  shown  that,  as  the  diameter  increases,  the  proportion  of  load  carried  by  the 
skin  decreases  and,  consequently,  the  apparent  strength  of  the  body  will  decrease.  The 
nature  of  the  predicted  decrease  is  qualitatively  similar  to  that  predicted  by  the  Weibull 
theory.  An  example  is  given  in  Figure  20,  in  which  Shanley^"^”  '  ^  used  this  approach  to 
describe  Griffith's  data  on  fracture  strength  of  glass  fibers.  It  can  be  seen  that  the  data 
are  satisfactorily  described  by  this  method. 

This  approach  can  also  predict  the  observed  effects  of  stress  distribution  on  ap¬ 
parent  fracture  strength.  Again,  consider  the  relative  behavior  of  specimens  subjected 
to  tension  and  bending.  In  bending,  this  contribution  is  the  load  multiplied  by  the  dis¬ 
tance  of  the  neutral  axis.  Thus,  the  relative  contribution  of  the  skin  (for  a  given 
specimen  size)  will  be  greater  in  bending  than  in  tension  and  the  apparent  strength  in 
bending  will  be  higher  than  that  in  tension,  corresponding  to  observed  behavior.  The 
size  effect  is  also  predicted,  in  bending  as  shown  in  Figure  21.  This  curve  shows  the 
correspondence  of  predictions  of  the  skin  theory  with  data  obtained  on  various  sizes  of 
plaster  bend  specimens. 


Beam  Thickness,  inch 


FIGURE  21.  COMPARISON  BETWEEN  SKIN  THEORY  AND 
BEND- TEST  DATA  FOR  PLASTER  BEAMS 


Ratio  of  Young's  moduli  =  2.  36 
Ratio  of  strength  =  2.46 
Thickness  of  skin  =  0.  03  inch 
From  Reference  A-8. 


The  skin  approach  does  not  predict  an  effect  of  length  on  fracture  strength.  Since 
length  effects  are  observed,  it  is  likely  that  this  theory,  if  basically  applicable ,  would 
have  to  be  supplemented  by  some  weakest-link-type  approach,  which  would  account  for 
the  fact  that  the  fracture  will  occur  at  the  weakest  cross  section. 
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It  should  also  be  noted  that  Weibull*s  treatment  included  consideration  of  the  pos¬ 
sibility  that  the  strength  might  be  limited  by  surface  effects.  His  considerations  were 
limited  to  surface  flaws.  As  with  other  approaches,  this  has  never  been  adequately 
studied. 


Recapitulation 


There  are  various  theories  available  for  describing  the  strength  characteristics  of 
brittle  materials.  No  one  theory  has  been  shown  to  be  definitively  superior  to  the 
others.  Nor  has  any  one  theory  as  yet  been  shown  to  be  consistently  adequate  in  its 
ability  to  describe  the  phenomena.  The  most  popular  theory  and,  indeed,  the  most  ap¬ 
pealing  is  presently  that  of  Weibull.  Although  several  studies  have  been  aimed  at 
verifying  this  theory,  most  have  ended  up  evaluating  their  data  on  how  well  it  fits  the 
Weibull  predictions. 

The  greatest  success  of  the  Weibull  theory  has  been  in  predicting  the  variation  of 
mean  strength  with  specimen  size  and  stress  distribution.  Let  us  consider  some  of  the 
limitations  of  the  Weibull  theory. 

An  important  requirement  of  a  statistical  formulation  for  brittle-fracture  strengths 
is  the  ability  to  predict,  from  a  relatively  small  sampling,  stresses  associated  with  a 
low  probability  of  fracture,  i.e.  ,  the  low-fracture  probability  end  of  the  distribution 
curve.  By  definition,  the  low-probability  end  of  a  distribution  curve  cannot  be  described 
by  a  small  sampling,  although  a  reasonable  estimate  of  the  mean  strength  can  be  ob¬ 
tained.  Where  sufficient  data  have  been  obtained,  it  has  been  found  that  the  Weibull 
parameters  describing  the  data  in  the  vicinity  of  the  mean  strength  did  not  pertain  to  the 
low  strength  end  of  the  curve.  An  example  is  shown  in  Figure  2Z,  where  bend 

strength  data  are  plotted  on  Weibull  coordinates.  A  linear  plot  on  these  coordinates  in¬ 
dicates  the  adequacy  of  the  Weibull  function  in  describing  the  data.  The  parameters  of 
the  distribution  are  determined  from  the  slope  and  intercept  of  the  line.  It  is  seen  that 
two  lines  are  required  to  fit  the  data.  Weibull  refers  to  this  as  ^’complex"  behavior.  It 
is  apparent  that  parameters  obtained  on  the  basis  of  the  data  near  the  mean  strength  are 
inadequate  for  describing  the  behavior  in  the  low-fracture-probability  part  of  the  curve. 
But,  this  is  precisely  the  part  of  the  curve  which  is  of  greatest  interest  to  the  designerl 

Along  the  same  line,  much  interest  has  been  expressed  in  the  zero  strength  (the 
nominal  stress  below  which  there  is  a  zero  probability  of  fracture).  According  to  the 
Weibull  treatment,  this  value  should  be  a  constant  independent  of  size  and  stress  dis¬ 
tribution.  Several  mathematical  and  graphical  techniques  have  been  devised  to  deter¬ 
mine  this  value.  These  techniques  applied  to  available  data  indicate  that  this  value  is 
not  a  constant  but  may  depend  on  specimen  size  and  stress  distribution.  More  disturb¬ 
ing  is  the  fact  that  experimental  values  of  strengths  lower  than  the  calculated  zero 
strength  have  been  observed .  (A*" 9 ,  A- 10) 

In  brief,  our  understanding  of  brittle  fracture  is  not  adequate  to  justify  extensive 
reliance  on  any  mathematical  treatment  at  this  time. 
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FIGURE  22.  STRENGTH  DISTRIBUTION  OF  REFRACTORY  PORCELAIN 
RODS  PLOTTED  IN  WEIBULL  COORDINATES 


From  Reference  (A-9). 
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Guidelines  to  Design 


As  was  indicated  previously,  technology  demands  that  we  take  advantage  of  the 
unique  properties  of  brittle  ceramics.  We  cannot  wait  until  adequate  theories  are  devel¬ 
oped.  Indeed,  brittle  materials  are  currently  being  employed  as  stressed  components. 
Until  rational  design  philosophies  are  developed,  design  with  these  materials  must  be 
highly  conservative  and  based  largely  on  experience.  Proof  tests  should  be  employed 
wherever  possible.  Also,  the  geometric  design  should  avoid  small-radius  re-entrant 
corners  and  other  stress  concentrations.  Components  should  be  closely  inspected  to 
detect  macroscopic  flaws.  Special  care  should  be  exercised  in  assembly  to  avoid  un¬ 
intentional  prestressing  and  surface  damage. 

Other  considerations  should  be  incorporated  depending  on  the  specific  design. 

As  an  example,  studies  of  the  use  of  graphite  for  the  leading  edge  of  a  re-entry  vehicle 
led  Anthony  and  co-workers ^ to  a  set  of  design  principles.  These  principles  were 
summarized  in  a  recent  paper as  follows: 

(a)  Attachments  between  leading-edge  elements  and  the  supporting  wing  or 
surface  structure  must  be  completely  nonredundant  so  that  unknown 
loads  are  not  introduced  by  relative  deformation  under  the  applied  air¬ 
loads  and  temperature  gradients,  and  also  so  that  misfits  during  as¬ 
sembly  will  not  introduce  unknown  initial  stresses  into  the  nonmetallic 
elements.  This  nonredundacy  must  exist  not  only  in  all  three  trans¬ 
lational  directions  but  also  rotationally  about  the  three  axes. 

(b)  Where  the  nonmetallic  structural  elements  are  attached  to  the  metal¬ 
lic  structures,  thermal- expans  ion  differences  at  the  mating  surfaces 
must  be  accommodated  in  order  to  avoid  excessive  induced  stresses 
or  excessive  lack  of  fit  due  to  differential  thermal  expansion.  The 
requirements  for  achieving  this  condition  with  any  type  of  attachment 
design  have  been  developed  and  are  explained  in  Reference  (A- 11). 

(c)  Integral  parts  should  be  used  so  far  as  possible  to  minimize  mechan¬ 
ical  joints.  Joints  have  the  basic  problem  of  achieving  uniform  bear¬ 
ing  pressures  in  a  nonyielding  material,  A  mechanical  fastener  in  a 
hole,  for  instance,  requires  extremely  close  tolerances  and  very 
smooth  surface  finish  to  avoid  all  of  the  load  being  taken  on  a  few  high 
contact  points,  with  resulting  large  bearing  stress  concentrations. 

In  more  recent  work,  Anthony  and  Dukes have  reinterpreted  the  use  of  a 
safety  factor  in  these  applications  to  include  consideration  of  the  lower  probability  of 
occurrence  of  extreme  loadings  to  effect  a  tradeoff  between  weight  and  reliability.  The 
use  of  such  approaches  as  these  can  result  in  the  successful  application  of  ceramics 
as  structural  components.  As  the  understanding  of  brittle -fracture  phenomena  im¬ 
proves,  we  will  be  able  to  take  increasing  advantage  of  these  materials  and  approach 
‘’optimum”  design. 
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